Ischemia-reperfusion (IR) due to temporary restriction of blood flow causes tissue/organ 23 damages under various disease conditions, including stroke, myocardial infarction, trauma and 24 orthopedic surgery. In the limbs, IR injury to motor nerves and muscle fibers causes reduced 25 mobility and quality of life. Endurance exercise training has been shown to increase tissue 26 resistance to numerous pathological insults. To elucidate the impact of endurance exercise 27 training on IR injury in skeletal muscle, sedentary and exercise-trained mice (5 weeks of 28 voluntary running) were subjected to ischemia by unilateral application of a rubber band 29 tourniquet above the femur for 1 hour followed by reperfusion. IR caused significant muscle 30 injury and denervation at neuromuscular junction (NMJ) as early as 3 hours after tourniquet 31 release as well as depressed muscle strength and neuromuscular transmission in sedentary mice. 32
Introduction 51
Ischemia-reperfusion (IR) injury due to reestablishment of blood flow after a temporary 52 lapse is common to many debilitating diseases and a corollary to some clinical procedures. 53
Skeletal muscle as an organ is particularly relevant since, as a common practice in certain types 54 of surgery or as a first response to traumatic injury, a tourniquet is often used to prohibit 55 hemorrhage, exsanguination, or provide a bloodless operating field (4, 38). The negative 56 consequences of this procedure include muscle weakness, atrophy as well as temporary or 57 permanent nerve damage, all of which hinder the functional recovery (11, 18, 37, 52, 54). For 58 example, ~ 26% of patients recovering from total knee arthroplasty in which a tourniquet was 59 used reported complications, including profound limb swelling, numbness and weakness (52, 60 53). Severe cases will require amputation. As recently as 2008, it was reported that among ~140 61 million patients with peripheral arterial disease who suffer an acute ischemic event, ~10-30% 62 required amputation within 30 days (21). Thus, limb IR injury poses a significant clinical 63 problem, and despite its prevalence, there is no reliable intervention (51, 64, 67, 75). 64
The compound cellular alterations accrued during ischemia and reperfusion determine the 65 extent of pathology. This includes intracellular ion imbalance (27), destabilization of the plasma 66 membrane (81), and accumulation of metabolic intermediates (16) during ischemia, as well as 67 excessive generation of ROS, plasma membrane rupture (30), activation of inflammatory 68 cascades (12, 79) and necroptosis (46) during reperfusion. Given the diversity of deleterious 69 pathways activated by IR, the best intervention(s) is likely to be the one that could assuage 70 multiple pathologies rather than one component. Indeed, remote pre-conditioning, which 71 involves repeated short bouts of ischemia in an organ/tissue other than the target organ/tissue 72 prior to the prolonged ischemic event, has been found to attenuate IR injury in experimental 73 5 models in a multi-faceted manner (1, 13). However, the efficacy of direct pre-conditioning of 74 himdlimb is far from optimal for full functional protection, and the ideal timing and duration of 75 pre-conditioning events are yet to be elucidated (17, 23, 68) . Thus, it is of the upmost importance 76 to develop alternative therapeutics that target multiple components of IR injury, which may 77 allow compound therapies in the future to achieve maximal protection. 78
Exposure to repeated, low-grade stress provokes adaptations that enhance cellular 79 resistance to future and/or more potent insults, a phenomenon called hormesis (35, 47, 62) . In 80 line with this biological phenomenon, endurance exercise training involves transient energetic, 81 oxidative and mechanical stresses that elicit favorable adaptations both locally and systemically 82 (3, 19, 62) . Indeed, endurance exercise training has been shown to lessen IR injury in the heart 83 (7-9, 20, 26, 60) , liver (69) and lungs (19), whereas the underlying mechanisms may vary and 84 include enhancement of antioxidant (34, 65, 72, 76, 80) and repair enzyme activity and 85 expression (25, 41, 45, 66), increased Ca 2+ buffering capacity (43, 63, 82), and improved 86 mitochondrial quality (22, 42, 82). However, there have not been studies investigating the impact 87 of endurance exercise training on the susceptibility of the adapted skeletal muscle to IR injury. If 88 endurance exercise training promotes skeletal muscle resistance to IR, the next question would 89 be whether the protection occurs during ischemia or reperfusion phase or as a continuation 90 between the two. Additionally, it is not known whether exercise-mediated protection is 91 predominantly motor nerve fibers or myofibers. In the present study, we tested the hypothesis 92 that endurance exercise training is sufficient to protect motor nerve fibers, the neuromuscular 93 junction (NMJ) and/or myofibers against IR injury through a mechanism by reducing oxidative 94 stress. The findings would significantly improve our understanding of the utility and underlying 95 7 flow. Mice were conscious and monitored during the 1-hour ischemic period before the 118 tourniquet was removed to induce reperfusion. 119 120 Creatine Kinase Activity: Serum creatine kinase activity was measured by using a 121 commercially available kit following the manufacturer's instructions (Sigma Aldrich; MAK116). 122
For sample preparation, blood was collected from the tail vein before and 3 hours after IR, 123 incubated at room temperature for 30 minutes and then spun at 1,500 x g at 4°C for 30 minutes. 124
The supernatant was saved (serum), aliquoted and stored at -80°C until further analysis. 125
126
In vivo muscle function: Maximal isometric torque of the plantar flexor muscles was assessed 127 as previously described (10, 77) before and 24 hours, 72 hours and 7 days after IR injury. 128
Briefly, mice were placed on a heated stage in the supine position under anesthesia (1% 129 isofluorane in oxygen), and the right foot was secured to a foot-plate that was attached to a 130 servomotor at 90° relative to the immobilized knee (Model 300C-LR; Aurora Scientific, Ontario, 131 Canada). For nerve-stimulated contractions (Nerve Stim), a pair of Teflon-coated electrodes 132 were inserted percutaneously on both sides of the sciatic nerve ~1 cm proximal to the knee joint. 133
For direct muscle stimulation (Muscle Stim), electrodes were inserted into the proximal and 134 distal ends of the GA muscle. Peak isometric torque (mN•m), which is referred to as strength, 135 was achieved by varying the current delivered to the nerve or muscle and keeping the following 136 Oxidative stress and consequent damage to cellular components is a hallmark of IR 230 injury. Reduction in the production of oxidants or enhanced detoxification of oxidants has been 231 found to reduce IR injury across a number of tissues (39, 48). Endurance exercise training has 232 been reported to promote antioxidant defense systems in skeletal muscle (29, 34), which might 233 lead to increased resistance to IR injury. Indeed, we found that expression of superoxide 234 dismutase isoforms 1, 2 and 3 as well as catalase were significantly increased following 5 weeks 235 of voluntary running in skeletal muscle (Figure 2a ), but not in sciatic nerve (Figure 2b) , 236 prompting us to hypothesize that exercise training-mediated protection against IR injury was 237 through at least a reduction in oxidative stress in myofibers. 238
To test this hypothesis, we first evaluated mitochondrial oxidative stress in vivo by using improve myocardial tolerance to IR injury in a manner that is analogous to pre-conditioning (8, 300 61). In fact, during strenuous isotonic contractions, such as those elicited during exercise, arterial 301 blood flow to skeletal muscle is arrested and is only restored when the muscle relaxes, 302 effectively causing brief rounds of IR (2). However, whether endurance exercise training confers 303 such benefits in skeletal muscle remained unaddressed. This study has provided the first 304 evidence that endurance exercise training attenuates IR-induced neuromuscular derangement on 305 the functional, morphological, cellular and molecular levels. 306
In this study, we assessed neuromuscular function by measuring and comparing muscle 307 tetanic torque produced via muscle and motor nerve stimulations. Impairments in muscle 308 contraction in response to direct muscle stimulation reveal reduced intrinsic muscle contractile 309 capacity perhaps as a result of myopathies, including, but not limited to, abnormalities in protein 310 degradation/synthesis, cross-bridge cycling and/or excitation-contraction coupling. We observed 311 clear biochemical evidence of injury as well as concurrent muscle edema and rounding of fibers 312 by IR, which was attenuated in exercise-trained mice. These findings suggest that endurance 313 exercise training substantially reduces IR injury to myofibers. Moreover, the percentage of 314 myofibers with centralized nuclei was significantly increased 7 days after IR in sedentary mice, 315 whereas this increase was not statistically significant in exercise-trained mice. Considering these 316 findings in sum, we conclude that endurance exercise training resulted in fewer damaged 317 myofibers by IR. Alternatively, the same number of myofibers were affected, but to a lesser 318 degree in exercise-trained mice, or a mixture of both. Future studies are necessary to determine 319 which phenomena predominate. 320
Assessment of muscle contraction in response to sciatic nerve stimulation and innervation 321 at NMJ provide insight into motor nerve function. The former assesses neuromuscular 322 transmission whereby nerve impulses initiate muscle contraction, and the latter reveals the 323 structural integrity underlying this important function. We observed a dramatic decrease in 324 nerve-stimulated muscle tetanic torque concurrent with denervation at NMJ, supporting the 325 notion of compromised neuromuscular transmission following IR. This functional parameter 326 was significantly preserved in exercise-trained mice following IR accompanied by attenuated 327 denervation at NMJ. These data suggest that exercise training preserves motor nerve function, at 328 least in part, by preserving innervation at NMJ. 
